The group velocity dispersion ͑GVD͒ of silicon nitride waveguides, prepared using plasma enhanced chemical vapor deposition, is studied and characterized experimentally in support of nonlinear optics applications. We show that the dispersion may be engineered by varying the geometry of the waveguide and demonstrate measured anomalous GVD values as high as −0.57 ps 2 / m and normal GVD values as high as 0.86 ps 2 / m. We also experimentally demonstrate the absence of any observed nonlinear loss at the telecommunications wavelength at peak intensities of up to 12 GW/ cm 2 . Spectral broadening due to self phase modulation in silicon nitride waveguides with a nonlinear parameter of 1. In recent years, much work has gone into studying nonlinear phenomena in silicon waveguides. The large nonlinear coefficient and high mode confinement in silicon makes it a good candidate for achieving self phase modulation, [1][2] [3] wavelength conversion, 4,5 and dispersion free propagation in the form of solitons. 6 In addition, the large refractive index contrast between silicon and its oxide cladding results in a large waveguide contribution to the group velocity dispersion ͑GVD͒, enabling a variety of signs and magnitudes of dispersion to be engineered. 7, 8 However, when silicon is used as a nonlinear optical material in the telecommunication frequency range, its relatively small energy band gap causes significant loss from two photon absorption ͑TPA͒ and TPA generated free carriers as the mode confinement and input power increases.
The group velocity dispersion ͑GVD͒ of silicon nitride waveguides, prepared using plasma enhanced chemical vapor deposition, is studied and characterized experimentally in support of nonlinear optics applications. We show that the dispersion may be engineered by varying the geometry of the waveguide and demonstrate measured anomalous GVD values as high as −0.57 ps 2 / m and normal GVD values as high as 0.86 ps 2 / m. We also experimentally demonstrate the absence of any observed nonlinear loss at the telecommunications wavelength at peak intensities of up to 12 GW/ cm 2 . Spectral broadening due to self phase modulation in silicon nitride waveguides with a nonlinear parameter of 1. 4 In recent years, much work has gone into studying nonlinear phenomena in silicon waveguides. The large nonlinear coefficient and high mode confinement in silicon makes it a good candidate for achieving self phase modulation, [1] [2] [3] wavelength conversion, 4, 5 and dispersion free propagation in the form of solitons. 6 In addition, the large refractive index contrast between silicon and its oxide cladding results in a large waveguide contribution to the group velocity dispersion ͑GVD͒, enabling a variety of signs and magnitudes of dispersion to be engineered. 7, 8 However, when silicon is used as a nonlinear optical material in the telecommunication frequency range, its relatively small energy band gap causes significant loss from two photon absorption ͑TPA͒ and TPA generated free carriers as the mode confinement and input power increases.
2, 3 In contrast, silicon nitride has a larger energy band gap and hence is not expected to have TPA for optical fields in the telecommunication frequency range. It still offers a relatively high refractive index difference with silicon dioxide cladding, supporting dense integration of photonic lightwave circuits ͑PLCs͒. 9, 10 In addition, it is compatible with standard complementary metal oxide semiconductor ͑CMOS͒ fabrication processes, allowing its integration with the general theme of silicon-based PLCs, designed for fabrication using this mature and cost-effective technology. We recently used plasma enhanced chemical vapor deposition ͑PECVD͒ to fabricate silicon nitride, measured its Kerr coefficient, n 2 = 2.4ϫ 10 −15 cm 2 / W and fabricated and tested nonlinear optical devices. 11 This relatively high measured third order nonlinear coefficient motivated us to continue the study of our silicon nitride material. In this manuscript, we study the dispersive properties of silicon nitride waveguides and show that the GVD can be engineered by changing the waveguide geometry. Moreover, when we increase the input signal power levels of 200 fs pulses derived from an optical parametric oscillator ͑OPO͒ operating at a center wavelength of 1550 nm, we observe at the output, spectral broadening due to self phase modulation. We present analyses of these observations, as well as characterize the nonlinear losses in silicon nitride waveguides.
We studied the GVD properties of various silicon nitride waveguide geometries and identified three geometries with representative dispersion properties for demonstration as follows: ͑i͒ a 500 nm by 1 m channel waveguide with silicon dioxide cladding, ͑ii͒ an 800 nm square channel waveguide with silicon dioxide cladding, and ͑iii͒ a 1 m square strip waveguide with air as the upper cladding. Using the Sellmeier coefficients for silicon nitride 12 and silicon dioxide, 13 the effective indices of the quasi-TE modes in three-dimensions as a function of wavelength are calculated using a fully vectorial beam propagation method from RSOFT. The group indices, n g and dispersion, ␤ 2 for the waveguides are calculated from the obtained effective indices. The material dispersion of bulk silicon nitride is calculated to be 0.083 ps 2 / m at a wavelength, = 1.55 m. Mach Zehnder interferometers ͑MZIs͒ are fabricated and used to extract the group indices from the resulting oscillations for TE polarized input light. Our waveguide integrated MZIs are fabricated on PECVD prepared silicon nitride films. The deposition process 11 results in low stress films and is desirable because of the low process temperature ͑350°C͒. Films between 500 nm and 1 m in thickness are first deposited. The waveguides are patterned using electronbeam lithography and defined using reactive ion etching.
9,11
The SiO 2 overcladding of the channel waveguides is deposited using PECVD whereas the strip waveguide is left uncovered. The difference in length between the two arms of the interferometer is 520 m. To eliminate noise induced error in extracting the GVD, we make a first order approximation to the measured data. Since the expected GVD is approximately constant within the wavelength range of the measurement ͑1.53-1.6 m͒, the average GVD value can be extracted from the gradient of the plot of n g versus using the relation, ␤ 2 =−͑ 2 / 2c 2 ͒ ϫ ͑dn g / d͒. Figure 2͑a͒ shows a typical example of the interference fringes obtained from the MZI implemented with the 800 nm square channel waveguides with SiO 2 cladding. The extracted group indices are shown in Fig. 2͑b͒ . The n g for the 1 m square strip waveguide is largest followed by the 800 nm square channel waveguide and 500 nm by 1 m channel waveguide, in agreement with the modeling results shown in Fig. 1 . Linear fits to the measured data are applied to each of the plots. Using the extracted value of dn g / d for each waveguide, we obtain measured average GVD values of 0.86 ps 2 / m, 0.28 ps 2 / m and −0.57 ps 2 / m for the 500 nm by 1 m channel, 800 nm square channel and 1 m square strip waveguides, respectively.
Next, we study the presence of two photon induced optical losses in the silicon nitride waveguides fabricated using PECVD. We use 200 fs pulses centered at 1.55 m from an OPO pumped by a Ti:Sapphire laser at a center wavelength of 830 nm. A 0.5 nm band pass filter is used to reduce the bandwidth of the ultrashort pulses resulting in ϳ7 ps output pulses. The output from the filter is amplified using an erbium doped fiber amplifier ͑EDFA͒ and introduced into a 5 mm long 800 nm square channel waveguide. The output of the waveguide is monitored as we increase the EDFA gain. The long pulse duration ensures negligible temporal pulse broadening in either the fiber or waveguide. Therefore, the peak power may be calculated using the pulse duration, laser repetition rate of 76 MHz and measured average power. We obtain a linear relation between the input and output peak power, shown in Fig. 3͑a͒ , implying the absence of nonlinear losses. The experiment confirms that TPA should not occur in silicon nitride at 1.55 m because photon energies at this wavelength are less than E g͑SiN͒ / 2, where the energy band gap of silicon nitride, E g͑SiN͒ = 5.3 eV. The onset of TPA in silicon nitride is expected at ϳ 470 nm in the blue region of the visible spectrum. In contrast, TPA induced loss in silicon is reported to occur at 1.55 m at peak power intensities Ͼ80 MW/ cm 2 ͑Ref. 3͒ for ultrashort pulses and loss from TPA generated free carriers for longer pulses occurs at peak power intensities Ͼ50 MW/ cm 2 . 2 Our waveguide did not exhibit nonlinear losses up to peak power intensities of 12 GW/ cm 2 in the waveguide, which is two orders of magnitude higher than that in silicon. The demonstrated negligible losses at high peak intensities make silicon nitride a better candidate than silicon for nonlinear optics experiments and applications at high power levels.
The different extents of mode confinement in the three waveguides lead to different values of the nonlinear parameter, ␥ = n 2 0 / cA eff . 15 We obtain a well confined mode with the smallest A eff = 0.72 m 2 for the 500 nm by 1 m channel waveguide. Using a previously measured value of n 2 = 2.4ϫ 10 −15 cm 2 / W, 11 we obtain a value of ␥ wg = 1.4 W −1 / m for the waveguide. A 500 nm by 1 m channel waveguide made of silicon nitride with silicon dioxide cladding of length, L = 6 mm was fabricated and the measured loss was 4 dB/cm. Next, we demonstrate self phase modulation of 200 fs pulses at 1.55 m from an OPO. The pulses are first coupled from free space into a fiber before coupling into the silicon nitride waveguide. A single mode tapered fiber is then used to couple the pulses from the OPO into the 6 mm silicon nitride waveguide. Since the high peak power of ultrashort pulses will experience nonlinear effects while propagating in the fiber, we carefully design our experiment to take advantage of the fiber nonlinearity. The interplay between the self phase modulation and anomalous dispersion in the fiber ensures, with careful design of the fiber length, minimal spectral broadening and high peak powers at the output of the fiber. The estimated coupling loss is ϳ7 dB per facet. The experimental results on self phase modulation in the silicon nitride waveguide are shown in Fig. 3͑b͒ . First, we measure the output spectrum of the silicon nitride waveguide when the input fiber is deliberately misaligned from the waveguide to ensure low coupled power into the waveguide. The resultant low power spectrum ͓black dotted curve in Fig. 3͑b͔͒ represents a purely linear response   FIG. 2 . ͑Color online͒ ͑a͒ Typical MZI fringes from 800 nm square channel waveguide. ͑b͒ Measured group indices for 500 nm by 1 m channel waveguide ͑blue diamonds͒, 800 nm square channel waveguide ͑red circles͒ and 1 m square strip waveguide ͑black squares͒ .   FIG. 3 . ͑Color online͒ ͑a͒ Measured output peak power vs input peak power levels for 800 nm square channel waveguide with silicon dioxide cladding. ͑b͒ Spectrum of the measured ͑solid red line͒ and modeled ͑blue dotted line͒ pulse broadening due to self phase modulation in a 6 mm long silicon nitride channel waveguide ͑500 nm by 1 m͒. In contrast, spectrum measured at low power ͑black dashed line͒ does not exhibit waveguide induced spectral broadening.
of the pulse propagating in the waveguide, while at the same time exhibiting any nonlinear effects occurring in the preceding fiber used to introduce the pulse into the silicon nitride waveguide. Some Fabry-Perot oscillations are present in the spectrum as a result of the cleaved waveguide facets and stitching error in the 6 mm long waveguide. Next we optimize the alignment of the fiber to waveguide setup to achieve maximum coupling into the silicon nitride waveguide. We estimate P o ϳ 500 W inside the waveguide by including the coupling loss and estimated peak power at the entrance to the waveguide. The red solid line in Fig. 3͑b͒ shows the spectrum of the pulse at the output of the waveguide demonstrating appreciable spectral broadening. Comparing the full width at half maximum ͑FWHM͒ of the broadened ͑red solid line͒ and the original spectra ͑black dashed line͒, the bandwidth has doubled from 14 to 30 nm. The broadening is attributed to self phase modulation of the pulse in the silicon nitride waveguide, which occurs due to the Kerr nonlinearity.
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Modeling of our experiments using the nonlinear Schrodinger equation ͑NLSE͒ ͑Ref. 15͒ was performed to confirm the measured experimental results. The effect of self phase modulation arising from the optical nonlinearity in the silicon nitride waveguide was modeled using the measured value of ␤ 2wg = 0.86 ps 2 / m, the calculated value of ␥ wg = 1.4 W −1 / m and the experimentally measured loss coefficient, ␣ wg = 0.92/ cm. The third order dispersion length for the waveguide is calculated to be L and therefore may be neglected. The input used in the model is a fit to the measured fiber output spectrum shown in Fig. 3͑b͒ . The blue dotted curve in Fig. 3͑b͒ shows the solution to the NLSE for the spectrum broadened by the waveguide. The estimated maximum nonlinear phase shift from the waveguide is about radians. The extent of self phase modulation in the waveguide is limited by the propagation loss in the waveguide. Propagation loss is related to the waveguide effective length, L eff = ͓1 − exp͑−␣ wg L͔͒ / ␣ wg . 15 For the PECVD waveguides used in our experiment with 4 dB/cm loss, the maximum achievable effective length, L eff͑max͒ asymptotically approaches a value of 1 / ␣ wg = 1.1 cm. Calculations show that reducing the loss to 1 dB/cm will enable about 30% greater broadening, for the same waveguide length and conditions used in the experiment. In addition, reduction of the loss will allow a larger L eff͑max͒ to be achieved, and hence enable even greater spectral broadening by increasing the waveguide length. Lower propagation losses may be achieved by high temperature annealing 16 to reduce the hydrogen content in the films and loss from material absorption or using films prepared using low pressure chemical vapor deposition. 10, 17, 18 We have shown that silicon nitride waveguides fabricated from PECVD deposited films are viable nonlinear materials for various devices integrated into PLC. The low temperature deposition process is economical and compatible with CMOS fabrication processes. The GVD of several silicon nitride waveguides has been studied experimentally in support of nonlinear optical interactions in this material. The results show that the GVD may be engineered by varying the geometry of the waveguide and demonstrate measured anomalous GVD values as high as −0.57 ps 2 / m and normal GVD values as high as 0.86 ps 2 / m. The absence of any observed nonlinear loss implies that high power levels may be used in silicon nitride waveguides for nonlinear optics applications without degradation due to TPA processes common to silicon at the telecommunications wavelength. Self phase modulation occurring in the fabricated silicon nitride waveguides is also experimentally demonstrated. A doubling of the FWHM pulse bandwidth is observed as a result of the nonlinear parameter of 1.4 W −1 / m in the silicon nitride waveguide. The relatively high nonlinear parameter, low nonlinear loss and ability to engineer GVD in waveguides make silicon nitride a good candidate for realizing a variety of optical functionalities utilizing nonlinear optical phenomena such as four wave mixing, 18 soliton propagation, and pulse compression.
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